Abstract-The Transverse Oscillation method has shown its commercial feasibility, providing the user with 2D velocity information. Todays implementation on commercial ultrasound platforms only support linear array transducers and are limited in depth. Extending the implementation to a phased array transducer, vector velocity echocardiography will become possible. This paper describes the general modification made on the BK Medical 2202 Pro Focus UltraView using a 64 element phased array transducer and the simulations and measurements performed. The results show that velocities can be obtained at depths even greater than 100 mm. Tests at depths of 72 mm and 82 mm with a peak velocity of 0.5 m/s, showed a relative mean biasBv x that varied from 0 % and to 21 % and a relative mean standard deviationσv x that varied from 18 % and to 51 %. The investigation showed an increasing bias with respect to depth, which leaves room for optimization. Despite the bias, the method has shown to work and produce reliable results, and 2D velocity estimates are provided within the entire color-box down to a depth of more than 100 mm making vector velocity imaging possible in the entire heart.
I. INTRODUCTION
For many years medical ultrasound velocity imaging has been used to diagnose cardiovascular diseases. Many techniques have been proposed and used through out the years. This paper is focusing on the Transverse Oscillation method (TO) suggested by [1] , [2] . This method uses a transverse oscillating field to estimate both the axial and lateral velocity component, which has similarities to methods proposed by both [3] and [4] . Previous investigations have used the TO method in combination with a phased array transducer to do elastography [5] . The focus of this paper will be on the commercial implementation of blood velocity estimation.
The TO method has been used for in-vivo imaging [6] , providing the user with 2D velocity information (Lateral and axial velocity). However, the current implementation on commercial ultrasound platforms is limited to linear array transducers. By extending the implementation to a phased array transducer [7] , [8] , vector velocity echocardiography will become possible. Field II simulations [9] , [10] and flow rig measurements are used to investigate the feasibility and the possibility of implementing the TO method using a phased array transducer for commercial scanner purposes. Measurements are performed using a preliminary implementation on a BK Medical ultrasound scanner platform. Through this the performance of the implementation will be tested for different 
II. MEASUREMENT SETUP
Previous investigations have shown, through simulations in Field II and implementation on the experimental scanner SARUS [11] , that an implementation using a phased array transducer is possible [8] . These investigations were, however, performed with a 128 element λ/2-pitch transducer. Vector velocity echocardiography requires a transducer with a small footprint for scanning between the ribs. A 64 element phased array transducer with a pitch of 0.33 mm is chosen for the investigation. The 3 MHz, 75% bandwidth, 64 element transducer is simulated using Field II and the results are used to verify the implementation on the BK Medical ultrasound scanner. Three beams are needed to produce estimates of the velocity, see Fig. 1 . A normal focused emission is made and the three beams are focused in parallel during receive processing. The first beam is parallel to the steering angle (the center beam) and is used for making the axial velocity estimate v z using conventional color flow mapping (CFM). The second and third beam (the left beam and the right beam) are placed symmetrically around the center beam and are placed at an inter-spatial distance of a quarter of the lateral wavelength, λ x /4. The quarter of a wave length ensures that the two beams are each others in-phase/quadrature pair, making it possible to estimate the transverse velocity v x 's direction. The angle between the beams are determined using [7] , [8] :
where d is the distance between the apodization peaks and z 0 the depth according to Fig. 1 . λ z is the axial wave length given by λ z = c f0 , where c is the speed of sound and f 0 the center frequency of the pulse.
To obtain the double oscillating field required by the method, an apodization having two distinct peaks is employed. The distance d between the apodization peaks, see Fig. 1 , is directly related to the lateral oscillation period when using the Fraunhofer far-field approximation:
where z is the depth. So by varying the distance between the peaks λ x can be controlled. Increasing the width of the peaks will allow for more signal energy to be received. However, this will also narrow the field, leading to a decrease in the performance of the estimator. The ultrasound scanner used is a BK Medical 2202 Pro Focus UltraView, equipped with a BK UA2227 research interface that allows a PC to acquire data from the scanner [12] . This is performed through a camera link interface and an Ethernet connection for data transport. The data are stored on the PC and processed off-line using Matlab.
To make vector flow imaging (VFI) using the ultrasound scanner, the usecase of the scanner is changed. The usecase is the information file containing all information about the scan. Modifying the usecase will make it possible to change the scanner setup to fit the scan purpose. A conventional (CFM) usecase is modified. The position and size of the color-box results in a field-of-interest equal to the one displayed in Fig. 2 . Within this color-box there are 22 steering angles varying from -12.2 degrees to 12.2 degrees. For each steering angle there are beamformed lines for the TO estimator, which are separated by λ x /4 [7] . These lines are controlled by custom time delay profiles, which are written to the scanner. To obtain the double oscillating field a receive apodization using a Tukey window of 16 elements, with the peaks separated by 48 elements is used to make the two distinct apodization peaks.
The implementation is tested at different depths, steering angles θ, and flow angles θ f 2t in a calibrated flow rig. The flow rig consists of a water tank containing a rubber tube with a radius of 6 mm, which is penetrable by ultrasound. The tube has a straight inlet, sufficiently long to obtain laminar flow with parabolic shape. The volume flow is measured using a Danfoss MAGFLO Mag 3000 flow meter and through this, the true velocity profile in the vessel is estimated. The investigation is performed at two depths; 72 mm and 82 mm with two different flow to transducer angles θ f 2t of 0 degrees and 20 degrees. The parameters are listed in Table I and are the same for simulations and measurements.
III. RESULTS
The main focus is on the transverse velocity v x , since the conventional autocorrelation estimator for the axial velocity v z already is well described. There is made no effort to reject velocity estimates outside the vessel boundaries. A mean-subtraction filter is used for making the stationary echocanceling. For each case there are recorded 100 frames, equal to 100 estimates of the velocity. For all investigations a peak velocity v 0 of 0.5 m/s is used. For θ f 2t = 0 degrees the pulse repetition frequency f prf is 1.4 kHz, which is increased to 3.6 kHz at θ f 2t = 20 degrees due the larger axial velocity Velocity profiles estimated using the TO estimator are shown in Fig. 3a . The mean profile ± one standard deviation is shown in Fig. 3b . The relative mean biasB vx is found by estimating the bias by subtracting the mean from the true velocity profile and then average the bias over the profile. The mean bias is made relative to the true peak velocity v 0 :
where n z are the discrete samples in depth, v true (n z ) is the true velocity profile andv(n z ) is the estimated mean velocity profile. The same procedure is made for the standard deviation providing the relative mean standard deviation,σ vx . The evaluation is performed for all steering angles, and the results are shown in Fig. 4a .
The performance measuresB vx andσ vx are found at the two depths of interest, 72 mm and 82 mm. The results are shown in Fig. 4a, 4b , and 4c, 4d respectively and listed in Table II. Combining the transverse velocity v x and the axial velocity v z yields an estimate of the true velocity | v| and an estimate of the flow to transducer angle θ f 2t . The frames are time averaged over four frames equal to a persistence of four. The data have been scan-converted to rectangular coordinates and interpolated to fit a 512 x 512 pixel window. A simple power ratio between the power before P rf and after echo canceling P ec is used to discriminate between inside and outside of the vessel. This is made by setting velocity estimates to zero for
values below a certain threshold. The obtained VFI image for the implementation is shown in Fig. 5 .
IV. DISCUSSION
It is important to state that this is the first setup with the scanner in VFI mode using this phased array transducer. From Table II and from Fig. 4 it is seen, that for the two individual cases with θ f 2t = 0 degrees θ f 2t = 20 degreesσ vx does not differ significantly for the different depths. The error in the estimated velocity is not effected by the increased depth, but is more dependent on the combination of steering angle and flow-to-transducer angle. The bias changes as a function of combined steering angle and flow-to-transducer angle and depth. Which shows that the mean of the velocity estimates deviates from the true velocity, which is due to an erroneous scaling of the autocorrelations.
In the flow images in Fig. 5 the largest velocities are found at the center of the tube, with decreasing velocities when moving toward the boundaries of the tube, as expected. Furthermore, it is also seen that the the velocity estimates, hence the bias, change with the steering angle, as seen from Fig. 4 . Notice the precise direction of the arrows that points correctly along the flow direction.
The results of the implementation have shown room for optimization, since the bias can be decreased along with, to some extend, the standard deviation.
Simulations and practical experiments have shown that the lateral wavelength, λ x , does not perfectly apply to the theoretical Fraunhofer far-field approximation. As seen from (2) the Fraunhofer far-field approximation suggest a linear relation between lateral wave length and depth. For this given setup the lateral wavelength has been simulated and compared to the theoretical approximation. The simulation parameters are chosen carefully to match the real case. By minimizing the left-half plane leakage of the Fourier transform of the point spread function, the simulated lateral wave length is found. By minimizing the leakage into the left half plane the bias and standard deviation is decreased when estimating velocities. The depth has been varied from 35 mm to 110 mm and at each depth the simulated and theoretical wave length are compared in Fig. 6 . The green line represents the theoretical approximation of the lateral wavelength and the blue line represents the found wavelength estimated from the simulated point spread function. Fig. 6 shows that the actual wave length does not follow the linear relation to depth, which results in a difference between the theoretical and actual wavelength.
The beamformation of the TO lines and their relative placement is dependent on the lateral oscillation period. The fields and thereby the velocity estimates can be optimized by simulating the TO fields and then optimize the focusing and scaling of the velocity estimates. This can potentially reduce both bias and standard deviation.
V. CONCLUSION
The results show that the implementation of the Transverse Oscillation method on the commercial platform using a 64 element phased array transducer works. It is shown that velocities are found down to depths of 100+ mm, which substantiate the scope of making velocity estimation in deep regions, like echocardiography, possible. Furthermore, it is seen that with calibration the method will yield acceptable and reliable velocity estimates.
